Dengue type-2 viruses isolated in metropolitan Bangkok during 1980 (Bangkok/80) were characterized by oligonucleotide fingerprinting, restriction enzyme (RE) mapping and antigenic analysis using monoclonal antibody probes. Of 10 isolates analysed by oligonucleotide fingerprinting, nine were very closely related, showing 72-5 ~o to 91.4 ~ oligonucleotide homology. One isolate (D80-141) produced a distinctly different fingerprint (55.7~ to 58"0~o homology) and was less related to other Bangkok/80 dengue-2 virus isolates than to a 1964 Bangkok isolate (16681). RE mapping conducted on complementary dsDNA prepared from three Bangkok/80 isolates, strain 16681 and the prototype New Guinea C strain confirmed that D80-141 was genetically distinct. On antigenic analysis, only one of 22 monoclonal antibody probes produced against representative 1980 Bangkok dengue-2 isolates, D80-100 and D80-141, was able to distinguish between these virus strains. Monoclonal antibody 47-10/10, prepared using D80-100 virus and directed at the NS1 non-structural glycoprotein, had a significantly lower (100-fold) solid phase radioimmune assay endpoint titre for D80-141 antigen than for D80-100 antigen. By the indirect immunofluorescence assay, 47-10/10 had lower antibody endpoint titres against D80-141, the NGC strain and 13 (12~o) of 110 Bangkok/80 isolates than to a control antibody preparation. These results suggest that strain D80-141 represents a second minor topotype of dengue-2 which was circulating concurrently with the major endemic topotype in Bangkok in early 1980.
INTRODUCTION
Dengue viruses belong to the family Flaviviridae which includes the causal agents of yellow fever and Japanese encephalitis (Westaway et al., 1985) . Four distinct serotypes of dengue virus can be differentiated and all have been implicated in both classical dengue fever and cases with haemorrhagic complications (Schlesinger, 1977) .
Although classical dengue fever is a mild illness of man dengue haemorrhagic fever (DHF) and dengue shock syndrome (DSS), more serious diseases first recorded in the Philippines in 1954, are major causes of paediatric morbidity and mortality in 12 south-east Asian countries (Schlesinger, 1977) . Dengue viruses are endemic in many parts of the world but, until recently, the problem of DHF/DSS was restricted to south-east Asia. In recent years, the viruses have P. J. WALKER AND OTHERS continued to spread in explosive outbreaks of both classical dengue fever and DHF/DSS in the south and west Pacific islands and in 1981 the first outbreak of haemorrhagic dengue occurred in Cuba, although the viruses had been endemic in the Caribbean for many years (Guzman et al., 1984) .
The extent of structural variation in dengue viruses has been assessed by various methods including oligonucleotide fingerprinting, DNA-RNA hybridization and antigen signature analysis using monoctonal antibodies. Analysis of the genomes of prototype strains of the four serotypes produced unique fingerprints for each, with only 7~ of large T1 oligonucleotides conserved (Vezza et al., 1980) . DNA-RNA hybridizations between serotypes revealed sequence homologies of 23 to 73 ~ with most homology between types 1 and 4 and least homology between type 2 and other dengue serotypes (Blok, 1985) . The relationships between 12 geographically distinct dengue-type 1 isolates assessed by oligonucleotide mapping were such that isolates from the same geographical area clustered into groups which shared a high degree of oligonucleotide homology (Repik et al., 1983) . Genetic variation in dengue-2 isolates was also examined by oligonucleotide fingerprinting and it was found that geographically separate and epidemiologically unrelated viruses were distinct (Trent et al., 1983) . On the basis of these studies, genetic variants or topotypes of dengue-2 viruses were established representing strains which share 80~o or more of their large oligonucleotides. Six topotypes have been reported to date representing strains from Puerto Rico-South Pacific, Thailand-Burma, the Seychelles, the Philippines, Jamaica-West Africa and Africa (Trent et al., 1983; Kerschner et al., 1986) . Antigen signature analysis of these topotypes using a panel of monoclonal antibodies directed against viral structural proteins has indicated that viruses of different topotypes may have significant antigenic differences .
We have analysed strains of dengue-2 virus isolated in Bangkok in 1980 to assess the extent of variation within a serotype, in one locality, in a single year. Structural analysis of the isolates using oligonucleotide fingerprinting, restriction enzyme (RE) mapping and antigenic analysis using monoclonal antibody probes suggested that two distinct topotypes of dengue-2 virus were circulating concurrently in Bangkok, each with a potential to cause severe haemorrhagic disease.
METHODS
Origin and serotyping of virus isolates. The characteristics of the dengue-2 viruses presented in this study are summarized in Table 1 . Strain 16681 was isolated from a child with shock syndrome in Bangkok in 1964 by inoculation of plasma onto BS-C-I (continuous grivet monkey kidney) cells (Halstead & Simasthien, 1970) . The other Bangkok dengue-2 viruses were isolated from blood specimens drawn from patients at Bangkok Children's Hospital. Clinical diagnoses and grades of disease severity were assigned by Dr Suchitra Nimmannitya according to criteria established by the WHO (1975) . A convalescent haemagglutination inhibiting antibody titre of greater than 1 : 1280 was taken as evidence of a secondary (anamnestic) response to flavivirus antigens, presumably due to a previous infection with a dengue serotype other than type 2 (WHO, 1975) . Virus isolates were obtained either by plaquing patient sera in LLC-MK2 (monkey kidney) cells, inoculating plasma into Toxorhynchites mosquitoes (Watts et al., 1982) , or co-cultivating peripheral blood mononuclear cells with monolayers of LLC-MK2 cells (Scott et al., 1980) (Table 1) . Virus isolates were subsequently passaged once or twice more in LLC-MK2 cells. Virus serotypes were determined by plaque reduction neutralization tests in LLC-MK2 cells employing dengue types 1, 2, 3 and 4 monospecific antisera (Russell & Nisalak, 1967) . Antisera were produced by injecting rhesus monkeys with prototype dengue strains (New Guinea C for type 2).
Cell cultures. A continuous line ofAedes albopictus cells (clone C6/36) was used for propagation of virus isolates (Igarashi, 1978) . The cells were grown in plastic Roux flasks at 32 °C in RPMI 1640 medium (Gibco) or minimal essential medium with Earle's salts containing 10% foetal calf serum (FCS), 100 units/ml penicillin and 100 ~tg/ml streptomycin. LLC-MKz cells were grown in medium 199 supplemented with 20~ FCS, penicillin and streptomycin. Maintenance medium for infected LLC-MKz cell cultures consisted of growth medium supplemented with 0.8% bovine albumin instead of FCS.
Growth and purification oJviruses. Confluent monolayers of A. albopictus cells were inoculated with 10 ml of a 1 / 10 dilution of infected cell culture fluid and incubated for 90 min at 32 °C. The inoculum was removed and replaced with 50 ml of RPMI 1640 medium containing 0.1 ~ bovine serum albumin (Fraction V, Sigma), 100 units/ml penicillin and 100 ~tg/ml streptomycin. The cultures were then incubated at 32 °C and monitored daily for haemagglutinating (HA) activity. Haemagglutination assays were performed using goose cells at pH 6.3 in a microtitre modification of conventional techniques (Clarke & Casals, 1958) . When HA titres reached 1/64 (about 3 days post-infection), the culture fluid was replaced with fresh medium containing 200 ~tCi/ml [3ZP]orthophosphate. After 2 days at 32 °C the cell culture fluid was harvested and clarified. The supernatant fluid was adjusted to 6-5~ (w/v) polyethylene glycol and stirred at 4 °C overnight. The precipitate was collected by centrifugation at 10000 r.p.m, for 30 rain at 4 °C (Beckman JA-14 rotor) and resuspended in 1 ml TSB (100 mM-NaCI, 1 mM-EDTA, 10 mxt-Tris-HC1 pH 7.5) containing 0.1 ~ bovine serum albumin. The preparation was applied to a 30~ (w/v) glycerol to 50~ (w/v) potassium tartrate gradient and centrifuged at 40000 r.p.m, for 15 h at 4 °C in a Beckman SW41 Ti rotor. Gradient fractions containing dengue virus were identified by assaying for HA and 32p c.p.m., pooled and pelleted through 30~ (w/w) sucrose at 40000 r.p.m, for 3 h at 4 °C in a Beckman 75 Ti angle rotor. The pelleted virus was resuspended in 500 ~tl TSB containing 0-1 mM-PMSF.
RNA extraction and RNase TI oligonucleotidefingerprinting. Approximately 1 × 106 c.p.m, of 3zp-labelled virus RNA was recovered from purified virus preparations by two extractions with phenol/chloroform/SDS (Poulsen, 1977) and precipitated with 2 volumes of ethanol at -20 °C in the presence of I00 ~tg of highly polymerized RNA carrier (Calbiochem). The RNA was resuspended in 50 ~tl of sterile de-ionized water, heated at 100 °C for 5 min and then chilled and adjusted to 5 mM-Tris-HCl pH 7.3. The RNA was digested with 1000 units/ml of RNase TI (Sankyo) at 37 °C for 90 rain and fingerprinted by two-dimensional PAGE (De Wachter & Fiers, 1972; Walker et al., 1980) . The fingerprints were visualized by autoradiography at -70 °C using Kodak Lanex enhancing screens and Kodak OG-1 film.
Synthesis ofdsDNA and RE mapping. RNA was extracted from viral pellets and used for cDNA synthesis as previously described (Blok et al., 1984) . Briefly, virus RNA and the primer (AGATCCTGTGT) complementary to the T-terminal sequence of the West Nile (Wengler & Wengler, 1981) virus genome (from BRESA, Adelaide, South Australia) were heated to 90 °C for 1 rain, quickly chilled in ice and used as a template for cDNA synthesis. The cDNA synthesis was conducted in the presence of [32P]dATP (2000 to 3000 Ci/mmol; Amersham) and avian myeloblastosis virus reverse transcriptase (Life Sciences, St Petersburg, Fla., U.S.A.) at 38 °C for 40 min. The cDNA-RNA hybrids produced by this reaction were used for dsDNA synthesis using RNase H and DNA polymerase I (Boehringer Mannheim) in the presence of [32p]dATP as described (Okayama & Berg, 1982) . In order to minimize differences in lengths which might be produced by different reaction conditions, all dsDNA synthesis reactions were performed simultaneously.
The dsDNA was digested with the REs BamHI, EcoRI, HaeIII, HincII, HinJI and Sau3A in RE buffer (10 mMMgC12, 10 mi-dithiothreitol, 50 mM-NaC1, 10 mi-Tris-HC1 pH 7.5) for 3 h at 37 °C. Restriction enzymes were purchased from Boehringer Mannheim or New England Biolabs. The restriction enzyme digests were loaded in 50~ formamide onto 5~ polyacrylamide gels (30:1, acrylamide:bisacrylamide) containing 7 M-urea in Tris/borate/EDTA buffer pH 8.0 (Peacock & Dingman, 1968) . The gels were electrophoresed at 23 V/cm for 1 h and autoradiographed at -70 °C for 16 h.
Preparation of anti-dengue monoclonal antibodies. The preparation of monoclonal antibodies against Thai dengue-2 virus isolates was described previously (Henchal et al., 1987) . Briefly, adult female BALB/c mice were immunized with suckling mouse brain antigen prepared using the Bangkok D80-100 or D80-141 dengue-2 virus isolates. Splenocytes from immunized animals were fused with the P3-X63-Ag8. 653 mouse myeloma cell line as described by Gentry et al. (1982) , and selected hybridomas were subcloned at least twice using the limiting dilution method (Hengartner et al., 1978) . Mouse ascitic fluids with high titres were produced in pristane-primed BALB/c mice (Kennett et al., 1978) .
Serological assays. LLC-MK., cells grown in 25 cm 2 flasks (approx. 5 x 106 cells) were infected with dengue virus isolates at an m.o.i, of 10 p.f.u./cell. After 7 days or when c.p.e, was evident the cells were harvested from the flasks, washed twice with Hanks' balanced salt solution, and spotted onto slides at a density of approximately 100 to 500 cells per microscope field (magnification × 250). Slides were air-dried, fixed with cold acetone for 5 min, and frozen at -70 °C until used. Cells were visualized by the indirect immunofluorescence (IF) assay using anti-dengue-2 monoclonal antibodies at twofold dilutions in the range 1 : 40 to 1 : 20480. Goat antimouse IgG-fluorescein conjugate was used at a 1 : 50 dilution. The IF endpoint titre (the reciprocal of the last antibody dilution which had detectable fluorescence) was determined for each virus-antibody combination.
The solid phase radioimmune assay (RIA) was performed as described previously (Zollinger et al.. 1976; Gentry et al., 1982) except that all antibody adsorptions were performed for only 2 h at room temperature and the plates were washed with phosphate-buffered saline with 0.05~ Tween 20. RIA antigen was prepared by homogenizing infected or uninfected C6/36 cells in 0-5 ~o Triton X-100, 0.05 ~-NaCI, 0-02 i-Tris-HC1 pH 8.0 and 5 I.tg/ml PMSF. The concentration of clarified antigen preparations was optimized using dengue-2 hyperimmune mouse ascitic fluid . The reciprocal of the highest serum dilution that resulted in binding equal to 2-1 times the c.p.m, bound by a similar dilution of normal mouse ascitic fluid was taken as the RIA endpoint titre. 
* Abbreviations: P, direct plaque onto LLC-MKz cells; C, co-cultivation method; M, mosquito method.
Abbreviations: see text. :~ Determined by HI testing; 1 °, primary; 2 °, secondary. § Defined as Thailand-Burma topotype by Monath et al. (1986) .
Ir Distinct oligonucleotide fingerprint. ¶ Defined as Thailand Burma topotype by Kerschner et al. (1986) .
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Comparison of T1 fingerprints of closely related dengue-2 (Bangkok/80) isolates
Oligonucleotide fingerprints were obtained for 10 dengue-2 viruses which were isolated in Bangkok between 25 January and 31 July 1980 (Bangkok/80). The isolates included two from patients with uncomplicated dengue fever (PUO-280 and PUO-300), four from patients with DHF without shock (DHF-NS) (D80-038, D80-051, D80-084 and D80-100) and four from patients with DSS (D80-115, D80-123, D80-141 and D80-159) ( Table 1) . Of these, nine isolates (excluding D80-141) exhibited very similar oligonucleotide fingerprints. In order to assess the extent of homology between these strains, the fingerprints were compared by considering the location of each oligonucleotide in relation to its neighbours. Each strain was compared first with DS0-100 and then with each of the other isolates. A comparison of the fingerprints of DS0-100, PUO-300 and DS0-115 is shown in Fig. 1 . In the compared region, DS0-100 contained 51 large oligonucleotides of which 45 were shared with PUO-300 and 45 (comprising a different subset) were shared with DS0-115. PUO-300 contained seven large oligonucleotides (a to g) which were not found in DS0-100, and DS0-115 contained eight additional oligonucleotides of which four (a, b, e and f) were also found in PUO-300. Isolates PUO-300 and DS0-115 shared 47 large oligonucleotides, 43 of which were also shared with DS0-100.
This type of analysis was conducted on the fingerprints of seven isolates and, on the basis of these comparisons, estimates of percentage oligonucleotide homology were obtained (Table 2) . In all comparisons, the oligonucleotide homology was in excess of 70 ~. In most cases (except for Table 2. 35%) were common to at least six of the seven isolates. D80-030 and D80-051, although not included in this detailed analysis, were also very closely related to isolate D80-100.
Comparison of T 1 fingerprints of two closely related dengue-2 isolates (Bangkok~80) with isolates D80-141 (Bangkok~80) and 16681 (Bangkok~64)
Dengue-2 strain D80-141 was also isolated in Bangkok during the period of this study from a patient with DSS (Table 1) . However, it was obvious from a preliminary inspection that the oligonucleotide fingerprint of this isolate was quite different from those of any of the nine isolates described above. In order to assess the extent of homology between strain D80-141 and other isolates, 50 large oligonucleotides in the fingerprint of D80-100 were selected for comparison with the fingerprints of strains D80-141 and D80-084 (Fig. 2) . A fingerprint was also obtained for strain 16681 and compared with the fingerprint of D80-100 by co-electrophoresis in the same gel (Fig. 3) .
Estimates of the percentage oligonucleotide homology between the fingerprints of the four isolates are shown in Table 3 . The results indicate that strain D80-141 shares a much smaller (a) proportion of large oligonucleotides with strain D80-100 (58.0%) and strain D80-084 (55.7~) than the other Bangkok/80 isolates. This level of homology was similar to that detected between strain D80-141 and strain 16681 (54.9%) which had been isolated in Bangkok some 16 years previously. Moreover, the 1964 Bangkok isolate was more closely related to strains D80-100 and D80-084 (68.6~ and 64-6~ homology respectively) than was strain D80-141. These results suggested that strain D80-141 is a dengue-2 variant distinct from the major topotype which was circulating in Bangkok in 1980.
Comparison of RE maps of dengue-2 isolates Three of the Bangkok/80 isolates (D80-100, PUO-280 and D80-141), strain 16681 and the prototype New Guinea C (NGC) strain were compared by RE mapping. Double-stranded cDNA was prepared from viral RNA and cleaved with six restriction enzymes that had either four, five or six base pair recognition sequences. The resulting fragments were separated in denaturing polyacrylamide gels as described previously. From the number of restriction fragments produced by each enzyme and the size of each recognition sequence, it was estimated that maps produced in this way represent about 6~ of the viral genome.
The restriction fragment patterns for HinclI, HinfI and HaelII are shown in Fig. 4 and a summary of the differences (excluding the intensity of each band) among five dengue-2 isolates PUO-280  1"  0  2  1  1  0  D80-141  15  8  7  5  7  13  16681  6  4  1  2  2  8  NGC  9  8  7  7 6 9 * Numbers represent restriction fragments not shared with strain D80-100. A total of 140 fragments were generated by D80-100 using six restriction enzymes. (NGC, D80-100, PUO-280, D80-141 and 16681) using the set of six enzymes are shown in Table  4 . The results confirmed that Bangkok/80 isolates D80-100 and PUO-280 are very closely related (five out of 140 or 3.6~ fragment difference) whilst strain D80-141 shares much less homology (55 out of 140 or 39"3~o fragment difference). Strain 16681 was more closely related to D80-100 (23 out of 140 or 16.4~o difference) than was D80-141, the same was true of the prototype NGC strain which showed 32-9 ~ fragment difference (46 of the 140) with D80-100. These results are consistent with data obtained from oligonucleotide maps and show that the D80-141 virus is distinct from other dengue-2 isolates tested.
Binding of monoclonal antibodies to dengue-2 isolates
In order to determine whether antigenic variation consistent with differences previously obtained by genetic analysis could be identified, monoclonal antibodies were produced against representative Bangkok dengue-2 virus strains, DS0-100 and D80-141 (Henchal et al., 1987) .
Twenty-two antibody preparations were screened by solid phase RIA against antigens prepared from D80-100 or D80-141 infected or uninfected C6/36 cells. Only a single serotype-specific monoclonal antibody, 47-10/10, prepared using D80-100 antigen demonstrated a significantly lower RIA endpoint titre (100-fold) for D80-141 antigen (10 4"9) than for DS0-100 antigen (107"1). This antibody probe was then used in IF assays to identify similar dengue-2 virus antigenic variants. As a control for differences in virus growth and the amount of antigen present, results obtained using 47-10/10 were compared to IF endpoint titres obtained using monoclonal antibody 27-12/4, which defines a cross-reactive but overlapping epitope on the NS1 nonstructural glycoprotein (Henchal et al., 1987) . Representative results are presented in Table 5 . Though 27-l 2/4 antibody reacted strongly with all of the dengue-2 viruses, 47-10/10 had lower IF antibody endpoint titres (and consequently higher antibody titre ratios) with D80-141, D81-018, D82-165, D83-026 and the NGC strain. Of 110 dengue type 2 isolates obtained from Bangkok Children 's Hospital in 1980, 13 (12~o) showed similar variation at the 47-10/10 binding site.
DISCUSSION
Previous studies of structural variation in dengue viruses have examined strains of diverse geographical and temporal origins and established the existence of clusters of genetic variants or topotypes within serotypes (Trent et al., 1983; Kerschner et al., 1986 . Topotypes can be loosely defined as viruses that share about 80~ or more of large T 1 oligonucleotides and which are geographically or epidemiologicalty related. In this study, we have examined the extent of structural variation in dengue-2 viruses isolated at a single location, focusing on isolates collected from sick children in Bangkok during a 6 month period in early 1980. Of l0 isolates examined, 9 were very closely related, sharing a high proportion of large oligonucleotides, and appeared to represent variants of the dominant endemic topotype. One isolate (D80-141) differed significantly from other dengue-2 strains. This virus produced distinctly different T1 oligonucleotide and restriction enzyme maps and lacked an epitope on the viral NSI protein which was shared by other Bangkok/80 isolates. In each of these analyses, strain D80-141 was more distinct from other Bangkok/80 isolates than a strain of dengue-2 which had been isolated in Bangkok 16 years previously. The extent of differences between strain D80-141 and other Bangkok strains is such that it appears to represent a second minor topotype of dengue-2 which is epidemiologically distinct from the dominant endemic virus.
Other reports have indicated that dengue viruses representing different topotypes can exist in the same general location. Trent et al. (1983) reported that of five Burmese dengue-2 strains isolated in 1976, four represented a single topotype (Thailand-Burma) and one was closely related to Puerto Rico-South Pacific topotype viruses. The isolation of different topotypes of dengue-2 virus from Burkina Faso (formerly Upper Volta) has also been reported, although the isolations occurred at an interval of 2 years (Trent et al., 1983; Kerschner et al., 1986) . Our study describes the extent of genetic variation within a topotype and indicates that different topotypes can circulate concurrently at a single geographic location in which dengue viruses are endemic. Using a single antigenic marker, we have determined the relative prevalence of each topotype illustrating that the minor topotype represented 12 ~ of virus isolates. The significance of this observation in relation to the epidemiology of dengue virus infections is yet to be established. A virus with an unusual fingerprint recovered early or late in a series of isolations might have foreshadowed significant changes in the genetic composition of the virus population. However, more than 40 isolates of dengue-2 virus from Bangkok over a 20 year period have produced similar fingerprints to the major topotype tested here and distinct from that of strain D80-141 (J. Kerschner & D. W. Trent, personal communication) . It is therefore possible that the topotype represented by strain D80-141 may represent a brief and limited incursion of an exotic dengue virus strain which failed to complete effectively with the existing endemic virus. If so, such factors as replication rate or the duration of viraemia may be responsible for the dominance of the major topotype. Alternatively, the minor topotype may have has co-existed at low prevalence with the major endemic topotype for many years.
There has been some discussion of the possible role of virus variation in determining the severity of dengue virus infection (Rosen, 1977) and it has been suggested that oligonucleotide fingerprinting may be a useful approach to understanding the biological variation associated with the disease (Trent et al., 1983) . Although the number of viruses examined in this study was relatively small, there was no indication that isolates from patients with disease of similar severity were more closely related than other isolates. For example, amongst the major topotype strains, DSS isolates D80-123 and D80-159 had least oligonucleotide homology (72.5 ~), but a much higher homology (88.2~) was detected between strain D80-123 and dengue fever isolate PUO-280. It is also significant that viruses representing the major and minor topotypes were each recovered from children with DSS within a period of 7 days at sites separated by less than 10 km. In contrast to these results, Morens & Halstead (1987) using a similar set of Bangkok/80 dengue-2 isolates, have reported a good correlation between disease severity and virus structure. Heterotypic (dengue type 4) monoclonal antibodies directed at virion surface epitopes preferentially enhanced the infectivity in vitro of isolates obtained from patients with severe dengue infections. The minor topotype isolate (D80-14 l) displayed a pattern of reactivity similar to that of other virulent strains of the major topotype. This suggests that virulence determinants are defined by specific steric arrangements on the virion surface, and that these may be shared by viruses of different topotypes.
